Geobacillus caldoxylosilyticus YS-8, which was isolated from volcanic soil in Indonesia, was found to degrade various N-acylhomoserine lactones (AHLs) with different lengths and acyl side-chain substitutions over a wide temperature range of 30-70 C. The purified AHL-degrading enzyme showed a single band of 32 kDa, and its N-terminal amino acid sequence was determined to be ANVIKARPKLYVMDN, tentatively suggesting that the AHL-degrading enzyme was AHL lactonase. The AHL-degrading activity of the purified enzyme was maximized at pH 7.5 and 50 C, and it retained about 50% of its activity even after a heat treatment at 60 C for 3 h, exhibiting properties consistent with a thermostable enzyme. The mass spectrometric analysis demonstrated that the AHL-degrading enzyme catalyzed lactone ring opening of N-3-oxohexanoyl-L-homoserine lactone and N-hexanoyl-L-homoserine lactone by hydrolyzing the lactones and working as an AHL lactonase.
Many gram-negative bacteria monitor and modulate their population density by cell-to-cell communication in response to environmental conditions. The regulatory mechanism by such cell-to-cell communication is called quorum sensing which regulates the expression of diverse physiological activities: bioluminescence, antibiosis, and biofilm development. 1, 2) Besides these activities, quorum sensing plays an important role in controlling the virulence of gene expression in such pathogenic bacteria as Erwinia carotovora, Pseudomonas aeruginosa, and Xenorhabdus nematophilus. 3, 4) This regulation is due to a small signaling molecule operating as an auto-inducer which is accumulated, binds to the regulator, and then triggers the physiological expression when it reaches a threshold level for the increase in population density. The gram-negative bacteria use an N-acylhomoserine lactone (AHL) as the quorum sensing signal. The structures of AHLs sharing an identical homoserine lactone ring vary according to the length and substitution of the acyl side chain which is linked to the lactone ring by an amide bond. 5) The influence of AHL-mediated quorum sensing on the virulence of gene expression causing pathogenesis has strongly prompted the development of strategies to disrupt AHLs. These strategies could be efficient for preventing quorum sensing-mediated bacterial infection, referred as quorum quenching. Among the various strategies, enzyme-catalyzed AHL degradation has been most widely investigated, since the Bacillus-derived aiiA gene was first reported to be involved in the inactivation of the quorum-sensing signal which was later identified as AHL lactonase. 6, 7) Two types of AHLdegrading enzymes have so far been described according to the cleavage site of AHL: AHL lactonases and AHL acylases. AHL lactonases hydrolyzing the lactone ring of AHL have been characterized as AiiA-homologues from the Bacillus species, AttM from Agrobacterium tumefaciens, AhlD from Arthrobacter sp., and AhlK from Klebsiella pneumonia. [8] [9] [10] The AHL acylases breaking the amide bond between the acyl chain and homoserine lactone have also been identified as AiiD from Ralstonia sp. and PvdQ from P. aeruginosa.
11,12)
The AHL-degrading enzymes have so far almost all been reported in a range of mesophiles, especially focusing on the Bacillus species-derived AHL lactonase. However, the lack of thermostability of these mesophilederived quorum-quenching enzymes has limited their use in biomedical applications. In an effort to address this limitation, we remain interested in isolating novel thermophilic bacteria possessing quorum-quenching activity. We describe in this study the isolation of thermophilic Geobacillus caldoxylosilyticus, which is capable of degrading AHL by its AHL lactonase, and its further purification and characterization.
Materials and Methods
Bacterial strains and culture conditions. The AHL-degrading bacteria screened from Indonesian soil samples were cultured in a nutrient broth medium (NB, Difco) at 60 C. Three reference Geobacillus strains were obtained from the Korean Culture Center of Microorganisms (KCCM, Korea) and cultivated in the NB or trypticase soy broth medium (TSB, Difco) at 50 C or 55 C. The Arthrobacter sp. used as a positive control in this study for comparing the AHLdegrading activity of the screened bacteria was cultivated in a Luria * These authors contributed equally to this study.
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Screening of AHL-degrading bacteria. Harvested cells of the bacteria isolated in the NB medium were suspended in a 100 mM 2-(Nmorpholine)ethanesulphonic acid buffer (MES) at pH 6.5 containing 10 mM N-hexanoyl-L-homoserine lactone (HHL; Inbionet, Daejeon, Korea). The mixture was incubated for 2 h at 30 C or 60 C, boiled at 95 C for 5 min, loaded into the cavity of a C. violaceum CV026-overlaid plate, and then incubated overnight at 60 C to determine the residual amount of HHL by evaluating the decrease in color zone size. The isolated strains were then identified by a partial 16S rDNA analysis, using the primers, 5
0 -AGAGTTTGATCCTGGCTCAG-3 0 (forward) and 5 0 -CCGTCAATTCCTTT(A/G)AGTTT-3 0 (reverse).
Bioassay for AHL-degrading activity. The AHL substrates, Noctanoyl-L-homoserine lactone (OHL) and N-3-oxododecanoyl-Lhomoserine lactone (OdDHL) were respectively purchased from Quorum Sciences (Coralville, Iowa, USA) and Fluka. N-Decanoyl-Lhomoserine lactone (DHL) and N-3-oxohexanoyl-L-homoserine lactone (OHHL) were obtained from Inbionet (Daejeon, Korea). Overnight-cultured G. caldoxylosilyticus YS-8 in the NB medium at 60 C was centrifuged and resuspended in the 100 mM MES buffer (pH 6.5) containing 20 mM of each AHL substrate. After incubating for 2 h at 30 C or 60 C, the reaction was quenched by boiling, and the culture loaded into the cavity of an A. tumefaciens NT1 (pDCI41E33)-overlaid plate to detect each residual AHL amount.
Purification of the AHL-degrading enzyme. The harvested G. caldoxylosilyticus YS-8 cells were resuspended in a 100 mM MES buffer (pH 6.5) and then disrupted by sonication for 5 min. After centrifuging the cell extract at 12,000 rpm for 20 min, the cell-free extract was fractionated with ammonium sulfate (40-60%) and dialyzed against a 50 mM Tris-HCl buffer (pH 8.0). The dialysate was applied to a Q-sepharose FF column that had been equilibrated with the same buffer and eluted with a stepwise gradient of NaCl (0-500 mM) at 1.0 mL/min. The active fractions were pooled and saturated with 1.0 M ammonium sulfate. The saturated sample was loaded into a phenyl-sepharose FF column that had been equilibrated with 1.0 M ammonium sulfate in the 50 mM Tris-HCl buffer (pH 8.0) and eluted with a descending stepwise gradient of ammonium sulfate (1.0-0 M) at 1.0 mL/min. The active fractions were collected, dialyzed against the same buffer, and then concentrated with Centriprep YM-10 (Amicon, Bedford, MA, USA). The concentrated sample was applied to a Superdex 200 column (HiLoad 16/60 prep grade) at 0.5 mL/min. The active fractions were finally pooled and applied to a Mono Q HR5/5 column, eluting with a linear gradient of NaCl (0-100 mM). The enzyme purity was monitored at each purification step by using SDS-PAGE gel electrophoresis and visualized by Coomassie Blue staining. The purified fractions were also monitored by a bioassay with 10 mM OdDHL as an AHL substrate. The reaction mixture in the 100 mM MES buffer (pH 6.5) was boiled and loaded into the cavity in an A. tumefaciens NT1 (pDCI41E33)-overlaid plate to evaluate the residual OdDHL amount. One unit of enzyme activity is defined as the amount of enzyme hydrolyzing 10 nmol of OdDHL at 60 C in 2 h. The purified enzyme was blotted on to a PVDF membrane by using Mini Trans-Blot electrophoric transfer apparatus (Bio-Rad, Hercules, CA, USA) and a transfer buffer (10 mM CAPS and 10% methanol at pH 11) to determine the N-terminal amino acid sequences. The most interesting band was used for N-terminal sequencing by the Analytical Core Facility of Tufts University (Boston, MA, USA).
Analysis of the AHL-degradation products. Each of the purified enzymes was mixed with 5 mM HHL and OHHL in a 100 mM Tris-HCl buffer (pH 7.5) and incubated at 50 C for 1 h. After quenching the reaction by boiling, the reaction mixture was passed through a 0.45-mm Millipore filter and analyzed by high-performance liquid chromatography electronspray ionization mass spectrometry (HPLC-ESI-MS). Analytical HPLC-ESI-MS was performed with a Millennium data system (Waters, Milford, MA, USA) which consisted of a Waters 2690 separation module and Waters 2487 dual absorbance detector connected to an HP 1100 series LC/MSD trap (Hewlett Packard, Avondale, PA, USA). The samples were separated in a Hypersil MOS-2 C8 column (250 Â 4:6 mm, 5 mm; Phenomenex, Torrance, CA, USA), using 5% acetonitrile in 5 mM phosphoric acid as the isocratic mobile phase at 1.0 mL/min, detection at 200 nm, and monitoring by ESI-MS in the negative mode.
Results

Isolation and identification of the AHL-degrading bacteria
In order to isolate the thermophilic bacteria capable of enzymatically inactivating AHL, over 1,000 bacterial isolates obtained from volcanic soil in Indonesia were screened for their AHL-degrading activity by incubating the bacterial culture with HHL as a single AHL substrate. Strong AHL-degrading activity was found in ten bacterial isolates which were subsequently identified by a 16S rDNA sequence analysis to reveal that nearly all were members of the genus Geobacillus ( Table 1) . The 16S rDNA sequence of eight isolates (YS-1-7 and -10) shared 99% sequence similarity to that of G. thermoleovorans, while the two isolates YS-8 and YS-9 were respectively identified as G. caldoxylosilyticus and G. stearothermophilus with 98% and 99% similarity. The whole cell bioassay for HHL was conducted at 30 C and 60 C together with three Geobacillus reference strains to compare the temperature-dependent AHL-degrading activity of the ten isolates. All the isolates generally exhibited higher AHL-degrading activity at 60 C than at 30 C, exhibiting properties consistent with thermostable enzymes (Table 1 ). The two strains YS-1 and YS-8, which showed strong HHLdegrading activity at both temperatures, were selected as final candidates based on the overall activity data. A more detailed temperature-dependent assay was per- 
a Homology was determined by the 16S rDNA sequence similarity. b Degrading activity is reflected by the amount of degraded HHL: À, 0-20% degradation of initial HHL; þ, 20-50%; þþ, 50-80%; þ þ þ, 80-100%. c Three reference strains were obtained from KCCM. G. stearothermophilus KCCM 11777 and 41037 were respectively cultured in the NB medium at 50 C and 55 C. G. thermoglucosidasius KCCM 41418 was cultured in the TSB medium at 55 C.
formed in the range of 30-70 C to select a final isolate capable of enzymatically inactivating AHL over a wide temperature range. The YS-8 isolate showed strong HHL-degrading activity over the wide range of 30-70 C, compared with the YS-1 isolate whose strong activity was only apparent at over 60 C (Fig. 1) . To investigate the association between cell growth with AHL-degrading activity, G. caldoxylosilyticus YS-8 was cultivated in an NB medium at 60 C, and its degrading activity was evaluated against OdDHL as the AHL substrate. Cell growth rapidly reached the stationary phase after 4 h of culture. The OdDHL-degrading activity showed a maximum in the mid-exponential phase after 3.5 h of culture and then dramatically decreased (Fig. 2) .
Degradation of various AHL substrates by G. caldosylosilyticus YS-8
The specificity of the AHL-degrading activity against various AHL substrates was investigated by testing the whole cell bioassay of G. caldosylosilyticus YS-8 with OHHL, OHL, DHL, and OdDHL at 30 C and 60 C. Although G. caldosylosilyticus YS-8 was initially isolated according to its HHL-degrading activity, it degraded all of the AHL substrates tested, regardless of their length and substitution of the acyl side chain (Fig. 3) . The relative degrading activity against OdDHL and DHL in particular was higher than that against OHL and OHHL. The degrading activity towards all of the AHL substrates was higher at 60 C than at 30 C.
Purification of the AHL-degrading enzyme from G. caldosylosilyticus YS-8
No AHL-degrading activity of G. caldoxylosilyticus YS-8 was apparent with the culture supernatant, indicating that the enzyme was a cellular protein. The G. caldoxylosilyticus YS-8 cells were therefore disrupted by sonication and centrifuged to separate into the cell- Each cell suspension (YS-1, YS-8, and Arthrobacter sp.) was incubated with HHL at 60 C for 2 h and then loaded into the cavity of a C. violaceum CV026-overlaid plate, the HHL-degrading activity then being investigated by the decrease in color zone. A negative control experiment was run in which only HHL was loaded into the C. violaceum CV026-overlaid plate. C, and its degrading activity against OdDHL was evaluated by measuring the diameter of the color zone. The residual OdDHL amount was determined by using the equation OdDHL (pmol) ¼ 0:2366e 1:1742x (R 2 ¼ 0:9954), where x is the diameter of the circular color zone. The maximum activity indicating complete degradation of OdDHL is defined as 100% relative degrading activity. debris and cell-free extract. AHL-degrading activity was observed with the cell-free extract, whereas boiling at 95 C for 5 min or a proteinase K (50 mg/mL) treatment at 37 C for 30 min inactivated the degrading activity (data not shown). The AHL-degrading enzyme of G. caldoxylosilyticus YS-8 was purified from the cellfree extract, the results of each purification step being summarized in Table 2 . The AHL-degrading enzyme was finally purified 201.5-fold, with a yield of 0.2% in comparison with the crude enzyme from the cell extract. The molecular weight of the purified enzyme was estimated to be approximately 32 kDa (Fig. 4) . The Nterminal amino acid sequence of the first 15 residues of the purified enzyme was determined to be Ala-Asn-ValIle-Lys-Ala-Arg-Pro-Lys-Leu-Tyr-Val-Met-Asp-Asn.
Effects of pH and temperature on the AHL-degrading enzyme
The optimal pH value for the AHL-degrading enzyme activity of G. caldosylodilyticus YS-8 was examined at 50 C for 1 h by using DHL as an AHL substrate in the pH range of 4.5-8.5. The enzyme activity was enhanced with increasing pH and reached a maximum at pH 7.5, although the activity sharply decreased beyond this pH value (Fig. 5A) .
The temperature dependence of the purified AHLdegrading enzyme was determined for 1 h at various temperatures from 30 C to 90 C after incubating with DHL at pH 7.5. The purified enzyme showed the maximal relative degrading activity at 50 C (Fig. 5B ). The purified enzyme was pre-incubated at several temperatures (40-60 C) for up to 3 h for a thermostability study. Following pre-incubation, the enzyme solution was cooled and further incubated with DHL at 50 C for 1 h. The AHL-degrading enzyme still retained full activity after pre-incubating at 40 C for 3 h. The enzyme activity retained more than 80% of its maximal value at 50 C, although this decreased to about 50% of its maximum at 60 C (Fig. 5C ).
AHL-Degrading mechanism by G. caldosylosilyticus YS-8
To determine whether the purified AHL-degrading enzyme played the role of AHL lactonase or AHL acylase, HHL and OHHL as AHL substrates were individually incubated with the purified enzyme, and the reaction products were then analyzed by HPLC-ESI-MS. The negative control incubation with OHHL and without the purified enzyme gave only one major peak at a retention time of 5.2 min, showing a molecular ion ½M À H at m=z 212, this being considered as recovered A, pH profile using a 100 mM sodium acetate buffer (filled squares, pH 4.5-5.5), 100 mM MES buffer (filled circles, pH 5.5-7.0), and 100 mM Tris-HCl buffer (filled triangles, pH 7.0-8.5). B, temperature profile from 30 C to 90 C. C, thermostability profile after pre-incubating at 40 C (filled squares), 50 C (filled circles), and 60 C (filled triangles). The maximum degrading activity against DHL is defined as 100% relative degrading activity. Fig. 6A and C) . However, after 1 h of incubation with the purified enzyme, the HPLC-ESI-MS data revealed another major peak at a retention time of 4.2 min, as well as the remaining OHHL peak. The mass increase of 18 in the major peak, the ½M À H ion being at m=z 230, suggests that the purified AHL-degrading enzyme was responsible for the hydrolytic ring opening of OHHL (Fig. 6A and D) . As subsequent experiment, the reaction product with HHL was also analyzed in the same manner, resulting in a mass increase of 18 in the major peak at a retention time of 5.7 min (the ½M À H ion at m=z 216), while the negative control showed the major peak at a retention time of 7.6 min with the ½M À H ion being at m=z 198 ( Fig. 6B and E-F) .
OHHL (
Discussion
Antibiotics and chemical drugs have conventionally been applied to control pathogenic bacterial infections and the related diseases, unfortunately resulting in the constant emergence of antibiotic-resistant bacteria and chemical accumulation. New approaches are consequently needed, and quorum-quenching enzymes have been considered to be one of the alternative antibiotics.
16) The preparation and purification of these enzymes are therefore of interest in biomedical fields. However, the mesophile-derived enzymes have had limited application in industrial fields because of their easy contamination and low purification yield. Thermophilic bacteria are capable of surviving at high temperatures and of secreting various thermostable enzymes under suitable conditions, creating interest in their isolation and characterization. This high thermostability is linked with high resistance to harsh conditions such as the presence of organic solvents, detergents, and proteases that are often employed in industrial applications. 17) In addition, the thermostability allows rapid and efficient purification of the enzymes by simply heating which can remove the contaminating mesophiles, finally increasing the purification yield. 18) Their thermostability may endow quorum-quenching enzymes will high potential for development in biomedical applications.
Strain YS-8, which was isolated from volcanic soil, is a newly described bacterial strain possessing thermostable AHL-degrading activity, and has been identified in this study as G. caldosylosilyticus. G. caldosylosilyticus YS-8 was found to have AHL-degrading activity over a wide temperature range of 30-70 C (Fig. 1) . In contrast, Arthrobacter sp. as an already known AHLdegrading bacterium only had full degrading activity towards HHL at 30 C. 10) Its activity also looked likely to be increased, showing a decrease in the color zone according to the temperature from 40 C to 70 C. However, this also appeared in a negative control experiment just using HHL, suggesting that HHL could be physically degraded by heat. Geobacillus sp. has been classified as the fifth group of Bacillus genera with optimum growth at temperatures between 45 C and 70 C, but is now considered as a new genus. 19) The identification in our study of AHL-degrading activity in different Geobacillus sp. suggests that the ability for quorum quenching is much more widely spread throughout Geobacillus. 20) G. caldosylosilyticus YS-8 was grown quickly with a growth rate of 1.4 h À1 , this having been generally shown in Geobacillus sp. 21, 22) The AHLdegrading activity was also initiated in the early exponential phase and increased by the mid-exponential phase (Fig. 2) . However, the rapid decrease of activity in the subsequent stationary phase might have been due to gene regulation by unknown factors activated in the late-exponential and stationary phases.
The result that the AHL-degrading activity of G. caldosylosilyticus YS-8 was higher at 60 C than at 30 C suggests that the plausible AHL-degrading enzyme in G. caldosylosilyticus YS-8 could be a thermophilic enzyme. G. caldosylosilyticus YS-8 also exhibited the broad specificity of AHL substrates which have different length and substitution of the acyl side chain (Fig. 3) . The thermostable phosphotriesterase isolated from the Archaeon Sulfolobus solfataricus has recently been determined to possess high lactonase activity and was further investigated for possible degrading activity against the AHL substrates, although no activity was found towards the AHL substrates.
18) However, our results are in agreement with the recent study showing that the thermostable AHL lactonase from G. kaustophilus (GKL) had a broad AHL substrate spectrum, showing that the range of k cat /K m value towards the AHL substrates tested in our study was from 0.27 to 25.8 min À1 mM À1 . 23) The substrate specificity identified in our study is also consistent with the previous report showing the AHL lactonase from Bacillus sp. with strong catalytic activity against all ten of the AHL substrates. 24) However, focusing on the variation of acyl chain length, the AHL-degrading activity tended to be dependent on the length of the tested AHL substrates, showing that the AHL-degrading enzyme degraded more OdDHL and DHL than OHL and OHHL. This is similar to the AHL degradation pattern for AHL lactonase (AiiM) from Microbacterium testaceum. 25) In addition, narrowing the window of variation, the AHLdegrading activity was highest against OdDHL and lowest against OHHL, indicating that the 3-oxo group of AHL substrates was not required for interaction between the lactonase and an AHL substrate. 24) In contrast, AiiM from M. testaceum degraded better against the 3-oxo substituted AHL substrates than the unsubstituted type. 25) No AHL-degrading activity of G. caldoxylosilyticus YS-8 was apparent with the cell-free extract treated by either boiling or proteinase K, suggesting that the AHL degradation by G. caldosylosilyticus YS-8 resulted from an enzymatic inactivation mechanism.
10) The purified AHL-degrading enzyme from G. caldosylosilyticus YS-8 gave a single 32-kDa band in the SDS-PAGE analysis (Fig. 4) 6) It is therefore suggested that the AHL-degrading enzyme from G. caldosylosilyticus YS-8 be assigned as an AHL lactonase, even though we have not yet revealed the full sequence of the purified AHL-degrading enzyme or the conserved HXHXDH motif; this will be investigated in future work.
The fact that Geobacillus is a known thermophile and the result that G. caldosylosilyticus YS-8 isolated in this study was cultured at 60 C suggested that the enzyme would exhibit the temperature characteristics of a thermostable enzyme. The purified AHL-degrading enzyme showed maximal relative degrading activity with 50 C incubation and retained its activity by up to 50% of the maximum, even after pre-incubating at 60 C ( Fig. 5B and C) . Our data therefore suggest that the AHL-degrading enzyme from G. caldosylosilyticus YS-8 could be regarded as thermostable when comparing with AiiM from M. testaceum which showed over 80% of its maximum activity over a wide range of temperature from 15 C to 60 C. 25) Focusing on the thermostability of lactonases, the phosphotriesterase-like lactonase from G. steartothermophilus (GsP) showed extreme thermostability, retaining its full activity even after incubating at 100 C for 15 min with methyl paraoxon as the substrate. 26) However, it exhibited relatively low AHL lactonase activity towards HHL with a k cat /K m value of 0.27 min À1 mM À1 , although it showed high corresponding values towards methyl paraoxon (1.74 min À1 mM À1 ) and even -undecanoic lactone (924 min À1 mM À1 ), suggesting that this GsP can hardly be completely regarded as an AHL lactonase.
However, GKL could be considered as a thermostable AHL lactonase, because of its broad AHL substrate spectrum and thermostability that retained its activity toward OHHL after a heat treatment at 60 C and even at 90 C for 15 min. 23) Although the substrate specificity and thermostability tended to be similar to the AHL lactonase of G. caldoxylosilyticus YS-8, we have recently obtained interesting preliminary results, possibly showing a difference between the two enzymes. In fact, GKL was determined to be a Zn 2þ -dependent AHL lactonase, showing that it had no activity in the presence of Co 2þ which was however found to enhance the AHL lactonase activity of G. caldoxylosilyticus towards DHL. 23) Ni 2þ and Mn 2þ also increased its activity, whereas the presence of Zn 2þ or Cu 2þ had no effect on the activity (data not shown). This is consistent with the AHL lactonase from Ochrobactrum sp. (AidH) and GsP being respectively dependent on Mn 2þ and Co 2þ for their lactonase activity. 26, 27) More interesting is that the sequence similarity was high between GsP and GKL, even despite the distinct difference of metal effect, for which reason is not currently clear. 23) It should be noted that there is a difference in metal dependence between the GKL and AHL lactonases from G. caldoxylosilyticus YS-8, despite their similar substrate specificity and thermostability. The mechanisms whereby such positive metals as Co 2þ and Mn 2þ interact with the AHL lactonase of G. caldoxylosilyticus YS-8 need to be determined by a crystallographic investigation.
The HPLC-ESI-MS analysis of the digested AHL products showed that the molecular mass of both OHHL and HHL was increased by 18 after AHL-degrading enzyme incubation (Fig. 6 ). This is consistent with the ESI-MS analysis results for digested HHL after incubating with other AHL lactonases from Arthrobacter sp. and Rhodococcus spp. 10, 28) These results strongly reinforce the suggestion of the AHL-degrading enzyme purified from G. caldosylosilyticus YS-8 being an AHL lactonase hydrolyzing the ester bond of the homoserine lactone ring of AHL substrates.
In conclusion, the results of this study indicate that AHL-degrading enzymes are widespread in diverse thermophilic Geobacillus, although each of their AHLdegrading mechanisms remains to be elucidated. We isolated and purified thermophilic G. caldosylosilyticus YS-8 producing AHL lactonase which was active towards various AHL substrates at high temperatures up to 70 C. The thermostable AHL lactonase of G. caldosylosilyticus YS-8 could be a good template to further improve the thermostability for biomedical applications, because there are differences in the substrate specificity and metal dependence with already developed lactonases.
